Although carbon (C) additions to soil have been used in restoration to combat invasive species through changes in soil nitrogen (N) availability, carbon amendments to soil derived from plant material can impact soil N availability in a species-specific manner. As such, amendment-driven feedbacks on N may impact invasive species success and woody encroachment. Soil amendments like biochar, which is often added to soil to increase C storage in grassland systems, may unintentionally encourage woody encroachment into these grasslands by changing soil N dynamics. Few studies have examined biochar impacts on non-agricultural species, particularly invasive species. Woody encroachment of Eastern Red Cedar (Juniperus virginiana) into grasslands provides an ideal context for examining the impact of biochar in grasslands. In the greenhouse, we examined the effect of biochar or leaf litter derived from native and exotic grasses on J.virginiana seedling growth. Juniperus virginiana seedlings grew 40% bigger in biochar amended soil as compared to seedlings grown in litter amended soil. Additionally, we found a more than 2 order of magnitude increase in available NH 4 + in the biochar treatments compared to the litter amended soils. Furthermore we found that biochar feedstock type did not have an impact on the effect of biochar, as both native and exotic grass biochar had similar impacts on soil N levels and J. virginiana growth. Our work suggests that once grassland litter is converted to biochar, species impacts on soil N may disappear. In conclusion, our data suggests soil amendments of biochar may encourage woody encroachment into grasslands.
Introduction
Invasive species management can pose a significant challenge for restoration projects, with invasive species often leading to the loss of native plant species from an ecosystem. A key driver of invasive species success is often excess availability of limiting soil resources such as nitrogen (N) (Siemann and Rogers 2003, Laungani and Knops 2009) . One management practice that has been widely studied to combat the spread of invasive species through changes in soil N is the intentional addition of carbon (C) amendments to soil (Blumenthal et al. 2003) . The addition of C to soil (often in the form of a sawdust/sucrose mixture)
can result in microbial immobilization of inorganic soil N, which is then unavailable for plant uptake and growth,ultimately impacting the success of the invasive species (Laungani and Knops 2009 ).
Intentional addition of C amendments to soil has also been utilized to increase long-term C storage in soils.
In particular, addition of biochar, the carbon-rich product of heating plant material to high temperatures with little to no oxygen (pyrolysis), is used as a soil amendment to improve soil C storage in both agricultural and natural ecosystems (Ohsowski et al. 2012 , Biederman and Harpole 2013 , Lehmann et al. 2015 . However, additions of biochar have been shown to both increase and decrease soil N availability as well as a number of other soil properties such as pH and cation exchange capacity (McElligott et al. 2011 , Clough et al. 2013 . As such, these biochar driven changes in soil N availability can significantly impact plant performance (Biederman and Harpole 2013) . Additionally, the impact of biochar on plant performance can be dependent on the feedstock that is used to make the biochar. A recent study by van de Voorde et al. (2014b) examined the impact of biochar on plant growth made from a variety of grassland species and found species-specific effects and dif-fering impacts of pyrolyzed versus non-pyrolyzed feedstock (i.e. litter) on plant growth. Other recent studies showed that the addition of biochar to soils can alter the composition of grassland ecosystems (Schimmelpfennig et al. 2014 , van de Voorde et al. 2014a . Taken together, this suggests that biochar additions to soil have the potential to induce either positive or negative feedbacks on plant performance in general and therefore may also impact invasive species success. Additionally, understanding how biochar amendments impact invasive species growth is particularly important if soil amendments like biochar are to be used as a management tool in either agricultural (Curaqueo et al. 2014) or non-agricultural grassland ecosystems (Ohsowski et al. 2012 , Schimmelpfennig et al. 2014 , van de Voorde et al. 2014a . Unfortunately the impact of biochar additions on the success of invasive plants remains understudied (Adams et al. 2013) . Given the significant impact that N availability can have on the success of invasive species (Blumenthal et al. 2003, Laungani and Knops 2009) and the growing interest in biochar additions to natural systems for C storage (Ohsowski et al. 2012) , we examined the impact of different grassland biochars on the growth of an invasive species and their impact on N availability.
In the Great Plains of North America, the simultaneous invasion of Bromus inermis, an exotic grass, and woody encroachment of Juniperus virginiana into grasslands provide an ideal context for examining biochar-driven feedbacks on plant growth and invasive species success. Bromus inermis is an exotic grass species that has come to dominate a number of grassland ecosystems in the United States (Vinton and Goergen 2006) . Similarly, J.
virginiana is a native invasive tree that is rapidly expanding in prairies, streams, and farmland ecosystems and transforming grassland ecosystems into closed canopy woodland (Knapp et al. 2008) . While the expansion of J. virginiana has been largely attributed to fire suppression in the Great Plains, other factors such as inorganic soil N availability may also impact its success (Norris et al. 2007) .
While other work has demonstrated that B. inermis litter can alter N cycling and N availability to the plant community (Vinton and Goergen 2006) , the impact of B. inermis biochar on N availability is still unknown. The concurrent expansion of these two species allows us to examine whether the biochar of B. inermis, can enhance the success of J. virginiana, via B. inermis biochar additions to the soil. In order to examine the potential for B. inermis biochar to facilitate the growth of J. virginiana, we exposed J. virginiana seedlings to a variety of soil conditions: 1) soil without B. inermis tissue (unamended soil), 2) soil with B. inermis biochar, and 3) soil with B. inermis leaf litter (nonbiochar). Additionally, we exposed J. virginiana seedlings to litter and biochar of a native dominant grass species, Schizachyrium scoparium, in order to determine whether any observed effects of litter or biochar were B. inermis specific.
Our experimental design allowed us to separate the impact of grass species identity (B. inermis or S. scoparium) from amendment type (biochar or litter) on inorganic N availability and J. virginiana growth. For example, if the addition of biochar (regardless of feedstock species) increases inorganic N availability and J. virginiana growth compared to litter-amended soils, that suggests that the addition of biochar, as a management tool for soil C storage, may have unintended consequences for species invasion.
Materials and Methods

2.1|. Soil amendment treatments
Both B. inermis grass litter and S. scoparium Center and other natural areas throughout the region (Laungani pers. obs) . Sawdust was utilized as a soil amendment because it has been used as a soil amendment for invasive species control in many other studies (Blumenthal et al. 2003) .
Leaf litter of each species was pulverized using a common household blender. Biochar of each grass was produced by packing tin cans with B. inermis leaf litter or S. scoparium leaf litter, sealing the cans with aluminum foil to deprive the leaves of oxygen, and heating the cans in an oven at 350 °C for four hours (Lehmann and Joseph 2009 Charring was visually confirmed when the plant material turned to a charcoal black color indicating that the cans were sealed tight with minimal oxygen present. The biochar was then coarsely ground by hand before application to soil. All amendments were <2 mm in size and there were no visible differences were seen between the particle sizes of the various soil In standardizing for the amount of C being added to each treatment, the application rates for the biochar treatments corresponded to 4.4 ton/ha for B. inermis biochar and 3.4 ton/ha for S. scoparium. These application rates are relatively low compared to other studies who have used up to 100 ton/ha (Jha et al. 2010 , Zimmerman et al. 2011 ). The C-based application of the soil amendments was chosen because different Clevels in the soil may alter microbial N immobilization (Blumenthal et al. 2003) , and because an addition Csource may promote growth of microorganisms that are generally thought to be C limited (Blumenthal et al. 2003 
Soil amendments with J. virginiana seedlings
The five soil amendment types (BL, NL, SD, BB, and NB) were mixed into the soil of each corresponding pot.
Replicate pots were established. Pots were 8.5 cm in diameter, with ten replicate pots for each treatment (except for BB where only 8 pots had J. virginiana germination),
as well as ten replicate control pots with no amendments.
Exactly 250 g of soil (field weight) was added to each pot (average oven dry soil equivalent across all pots 225.11 g ± 3.62). All pots were filled to the same level in the pots QuickChem 8500 Series II.
Statistical analysis
We used one way ANOVAs to identify the differ- %K, or %P of its corresponding treatment. In order to examine the impact of biochar versus litter and native versus exotic grass species identity, we conducted a two-way ANOVA with soil amendment type (biochar or litter) and grass species (B. inermis or native) as fixed factors. For these two-way ANOVAs the sawdust and control treatments were excluded. Similar to our one-way ANOVAs, we utilized Type III sums of squares in our two-way ANOVA (Shaw and Mitchell-Olds 1993) . All analysis was conducted using the statistical program R v 3.3.1.
Result
We examined the impact of soil amended with B.
inermis biochar and B. inermis plant litter on J. virginiana success relative to soil amended with native grass biochar, native litter, sawdust, and unamended (control) soil. Overall we did not find strong evidence for an exotic-woody interaction specifically, however we did find that changes in the type of soil amendment (biochar vs. litter) had an impact on J. virginiana success. These soil amendment driven changes in J. virginiana performance were likely driven by changes in soil N availability associated with each treatment, as discussed below.
Impact of soil amendment type on J. virginiana
We found that across all treatments, the type of soil amendment significantly impacted total J. virginiana biomass (F 5,52 = 8.377, P <0.001). While plant litter and sawdust reduced the total biomass of J. virginiana relative to the unamended control, biochar amendments did not significantly differ from the unamended control. Although the biochar treatments only marginally differed from the native litter treatments (P = 0.08) and the BL treatment did not differ from either biochar treatment, there was nearly a 45% difference in total biomass when comparing the biochar treatments to the litter treatments. These idiosyncratic differences in J. virginiana total biomass were largely driven by the lack of differences in root biomass across the amended treatments (although the J. virginiana root biomass in unamended control pots were significantly different from the litter and sawdust treatments) (F 5,52 = 4.898, P<0.001). The impact of soil amendment type on J. virginiana aboveground biomass were more apparent (F 5,52 = 8.877, P <0.001; Figure 1) .
The biochar and unamended control pots did not differ from each other, but there was more than a 50% decline in aboveground biomass in the litter treatments ( Figure 1 ). While neither biochar type differed from BL treatment, BB did differ significantly from NL. These differences were largely due in part to the relatively higher variation in the NB treatment, which only had 8 replicates. litter) on J. virginiana total biomass (F 1,34 = 4.18, P = 0.048), stem biomass (F 1,34 = 7.29, P = 0.01), proportional biomass allocation to roots (F 1,34 = 11.5, P = 0.002) and proportional biomass allocation to stems (F 1,34 = 9.40, P = 0.004). Total biomass in the biochar treatments was 8.99 g m -2 (± 0.675) whereas the litter treatment average was 6.25 g m -2 (± 0.28), a 44% difference ( Figure 2) .
This difference in total biomass was driven primarily by differences in stem biomass, with plants in the biochar treated pots producing 6.77 g m -2 (±0.49) and plants in the litter treated pots producing 4.44 g m -2 (± 0.21), a greater than a 50% difference. There was no main effect of soil amendment type (biochar vs. litter) on root biomass (F 1,34 = 0.02, P = 0.89). There was no main effect of grass species identity on any of the measured plant traits (P > 0.05), and there were no significant soil amendment type x grass species interactions on any of the plant trait measurements (P > 0.05).
We found a weak yet significant negative relationship between average soil amendment C:N ratio and total J. virginiana biomass (F 1,46 = 11.11, P = 0.0017; Adjusted r 2 = 0.18) (Figure 3) . There was a weak positive relationship between %P and allocation to stems (F 1,46 = 5.2, P = 0.03; Adjusted r 2 = 0.08) and a weak negative relationship between %P and allocation to roots (F 1,46 = 7.7, P = 0.007; Adjusted r 2 = 0.13).
Impact of soil amendments on soil nitrogen
Across all treatments, we found significant impacts on total inorganic N levels (F 5,52 = 71.44, P < 0.0001), with both biochar treatments exhibiting significantly higher total inorganic N compared to all other treatments, including the unamended control ( Figure 4 ). These differences in total inorganic N were driven by significant increases in NH 4 + levels in biochar-amended soils. While NH 4 + levels in the NL and BL treatments did not differ from the sawdust treatment (P = 0.11 and 0.41, respectively) and the two biochar treatments did not differ from each other (P = 0.999), the biochar treatments exhibited significantly higher NH 4 + content than sawdust and both litter treatments (P < 0.001) ( Figure 4) . The average NH 4 + level across the litter and sawdust treatments was 0.056 mg NH 4 -N/kg soil while for the biochar treatments it was 3.53 mg NH 4 -N /kg soil.
Furthermore, NH 4 + levels in the BB and NB treatments were 56% and 67% higher than the unamended control, respectively. For soil NO 3 -levels, there was a significant impact across all treatments (F 5,52 = 13.03, P <0.001), however these differences were smaller in magnitude than the differences in NH 4 +, and were not the major drivers of observed differences in total inorganic N (Figure 4) .
The two-way ANOVA comparing the effects of soil amendment type (biochar vs. litter) and species origin (native vs. exotic) confirmed that soil amendment type had the largest impact on soil NH 4 + (F 1,34 = 239.8, P <0.001) and total inorganic N (F 1,34 = 135.2, P <0.001). Nutrition, 2016, 16 (4) , 941-954
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Soil NH 4 + levels in the biochar treated pots were 2 orders of magnitude higher than the litter treated pots ( Figure 5 ), while soil NO 3 -was unaffected by soil amendments type (F 1,34 = 1.33, P = 0.25). Since there was no significant grass species effect on soil NH 4 + (F 1,34 = 0.03, P = 0.86), or on soil NO 3 -(F 1,34 = 1.47, P = 0.23), the total inorganic N did not vary by species (F 1,34 = 0.0003, P = 0.98). However, the effect of soil amendment type on total inorganic N did vary by species (soil amendment type x grass species interaction; F 1,34 = 27.8, P <0.001), primarily because soil NO 3 was reduced by native litter but not by B. inermis litter or by either species' biochar (soil amendment type x grass species interaction; F 1,34 = 20.5, P <0.001; Figure 6 ). Figure 6 demonstrates that total inorganic N is affected by a significant interaction between grass species identity and soil amendment type that is being driven by between-species differences in the litter treatment. Biochar: closed circles).
Total inorganic N differs between the two species when litter is added, but those differences disappear when litter is converted to biochar before being add- Figure 6 ).
Discussion
In our experiment we provide evidence that J. virginiana, a rapidly expanding woody species in US grasslands, may grow significantly faster in soil amended with biochar compared to soil amended with native or exotic grass litter, as seen by the more than 40% increase in J. virginiana biomass in the biochar addition treatments. Furthermore we found that biochar feedstock type did not have an impact on the effect of biochar, as both native and exotic grass biochar had similar positive impacts on soil N levels and J. virginiana growth as compared to litter amended soils.
Our results demonstrate that J. virginiana growth is impacted by the type of soil amendment (biochar or litter). The increase in plant biomass found in this study following biochar application to soil is consistent with other studies examining biochar impact on plant growth, particularly increases in aboveground structures with biochar addition (Biederman and Harpole 2013 Our work does not allow us to unequivocally determine a single key mechanism driving the increased NH 4 + levels because inorganic N was only measured once during the course of the experiment.
Biochar additions have been shown to impact many of the underlying processes that drive inorganic N availability in the soil (Clough et al. 2013) . For example, some recent work has shown increases in gross and net mineralization and nitrification (Nelissen et al. 2012) . Concurrently other work has shown little to no effect on these processes (or even declines) in response to biochar additions (Clough et al. 2013) . pots exclude changes to these other unmeasured interactions and processes, but merely offer one plausible mechanism.
Given the impact that non-pyrolyzed C additions to soil can have on the growth of invasive species via changes in N availability (Blumenthal et al. 2003) we were interested in understanding whether the C:N ratio of our pyrolyzed and non-pyrolyzed soil amendments could be used as a predictor for J. virginiana success. While increasing C:N ratio of non-pyrolyzed soil amendments (i.e. litter and sawdust) has been associated with reduced N availability via increased microbial N immobilization (Bowman et al. 2004, Laungani and Knops 2012) and subsequent declines in plant growth , Suding et al. 2004 ), biochar C:N ratio was found to be a poor predictor of plant productivity (Biederman and Harpole 2013) and therefore may or may not impact rates of microbial N immobilization (Clough et al. 2013) . Taken together, this may help explain the weak but significant negative relationship that was observed between amendment C:N ratio and J. virginiana total biomass. Additionally, this suggests that the observed relationship between C:N ratio and J. virginiana total biomass, must be interpreted cautiously.
In order to more fully understand the potential impacts of biochar on plant growth, a thorough mechanistic understanding of biochar impacts on inorganic N levels and the underlying N cycling processes must be carefully examined. In regards to our litter treatments, our results agree with many studies reporting an species-specific impact of litter on N availability (Chapman et al. 2006, Laungani and Knops 2009) ( Figure 6 ). In our study native litter reduced NO 3 -levels compared to B. inermis litter and biochar treatments, but once litter was converted to biochar, native plant material no longer reduced soil NO 3 -and soil NO 3 -levels in the biochar treatments did not differ from the unamended soil. This suggests that any species-specific litter impacts on plant growth may be eliminated in the process of biochar production ).
Overall, our results demonstrate that biochar amend- fore must be examined closely as a climate change mitigation strategy before being applied to grassland soils.
